AT, Moeser AJ. Early weaning stress impairs development of mucosal barrier function in the porcine intestine. Am J Physiol Gastrointest Liver Physiol 298: G352-G363, 2010. First published November 19, 2009 doi:10.1152/ajpgi.00081.2009.-Early life stress is a predisposing factor for the development of chronic intestinal disorders in adult life. Here, we show that stress associated with early weaning in pigs leads to impaired mucosal barrier function. Early weaning (15-to 21-day weaning age) resulted in sustained impairment in intestinal barrier function, as indicated by reductions in jejunal transepithelial electrical resistance and elevations in mucosal-to-serosal flux of paracellular probes [
THE SINGLE LAYER OF EPITHELIAL cells lining the gastrointestinal (GI) tract forms a selective barrier to the harsh environment of the intestinal lumen. Disturbances in the intestinal barrier, characterized by increased intestinal permeability, result in the translocation of luminal bacteria, toxins, and antigens into subepithelial tissues, inciting mucosal and systemic inflammatory responses that are central to many GI disorders (15) . Psychological stress is an important cause of intestinal barrier injury and is linked to the onset and severity of clinical GI disorders, including irritable bowel syndrome (IBS), inflammatory bowel diseases, and infectious diarrhea (1, 12, 22, 25) . The mechanisms by which stress causes breakdown in intestinal barrier function are not fully understood but thought to be mediated by the release of central and peripheral stress mediators, including corticotrophin-releasing factor (CRF) and adrenal glucocorticoids (40, 46, 60) . Subsequent activation of CRF and glucocorticoid receptors (GR) has been shown to trigger disturbances in intestinal physiology, including increased mucosal permeability (10, 55, 62) , secretion (61, 62) , visceral hypersensitivity (30, 51) , and motility, altogether contributing to clinical disease.
Mast cells (MCs) are hematopoietic-derived immune cells that migrate to peripheral tissues to mature and regulate a variety of effector functions. MCs are strategically positioned at epithelial barriers, signifying their important role in mucosal surveillance; MCs coordinate both innate and adaptive immune responses. Although they are mostly well known for their role in allergy and inflammatory disorders, MCs are becoming increasingly recognized as an important cell type mediating stress-related intestinal disorders (7, 19, 30, 44, 57) . MCs are abundant in preformed (tryptases, histamine, etc.) and synthesized bioactive mediators (prostanoids and leukotrienes), which, when released, have a profound influence on intestinal function, including increased intestinal permeability, secretion, and visceral hypersensitivity (58) . MCs express receptors that can respond to a variety of external stimuli, including bacterial toxins, complement, IgE, and peptides. Of the peptide receptors, MCs express at least two G-protein-coupled CRF receptors, CRFr1 and CRFr2 (16, 49) , which may provide the link between stress and intestinal disease.
Although stress can cause intestinal barrier disturbances in normal individuals, the developmental period during which stress occurs can dictate the duration and severity of intestinal barrier dysfunction. For example, stress occurring during the neonatal period can have long-lasting effects on GI barrier health. Neonatal maternal separation models in rodents have shown that psychological stress during the neonatal period can induce permanent defects in intestinal barrier properties (28, 59) . This is supported by epidemiological studies that show that psychological stress occurring early in life is associated with the development of chronic, persistent GI disorders in adult life (13, 14, 52) . The pathophysiology of early life stress-induced intestinal dysfunction is poorly understood.
In our previous work (48, 49) , our group demonstrated that early life stress in the pig, as a result of early weaning, induces increased intestinal permeability, net electrogenic ion transport, and mucosal inflammation measured within 24 h after weaning. Furthermore, we identified an important role of intestinal CRF receptor activation pathways and mucosal MCs in this acute response. Subsequent experiments in this model demonstrated that weaning age (weaning at 18 vs. 28 days of age) can significantly affect both central and intestinal stress responses in the pig (49) . In the present study, our aim is to determine whether early weaning stress in piglets induces long-term changes in intestinal barrier function and intestinal mucosal health and whether minor alterations in weaning age can influence this response.
METHODS
Animals and weaning protocol. The North Carolina State University Institutional Animal Care and Use Committee approved all studies. Yorkshire cross-bred piglets of either sex were housed in standard farrowing crates with sows of similar parity and subjected to routine management practices. Piglets were assigned to one of five weaning age groups: weaning at 15, 18, 21, 23, or 28 days of age. At respective weaning ages, piglets were removed from the sow and housed in nursery pens for the remainder of the study. Weaned pigs were offered ad libitum access to water and a commercial nursery diet (Renaissance Nutrition, Roaring Spring, PA). At 35 days of age, all of the pigs were sedated with a combination of xylazine (1.5 mg im) and ketamine (11 mg/kg im) followed by euthanasia with an intravenous overdose of pentobarbital via a catheterized ear vein. Initial sedation was used to minimize stress before we obtained intestine for subsequent intestinal studies. Segments of midjejunum were harvested immediately after euthanasia and prepared for Ussing chamber studies. To confirm weaning age-induced long-term effects on mucosal barrier function, we conducted Ussing chamber experiments with samples from early-weaned (15 days of age) and late-weaned (23 days of age) pigs at 9 wk of age.
Ussing chamber experiments. Segments of midjejunum were harvested from the pig, and the mucosa was stripped from the seromus- Ϫ ; pH 7.4). Tissues were then mounted in 1.13-cm 2 aperture Ussing chambers, as described in a previous study (4) . Tissues were bathed on the serosal and mucosal sides with 10 ml of Ringer solution. The serosal bathing solution contained 10 mM glucose, which was osmotically balanced on the mucosal side with 10 mM mannitol. Bathing solutions were oxygenated (95% O 2-5% CO2) and circulated in water-jacketed reservoirs maintained at 37°C. The spontaneous potential difference (PD) was measured using Ringer-agar bridges connected to calomel electrodes, and the PD was short-circuited through Ag-AgCl electrodes using a voltage clamp that corrected for fluid resistance. Tissues were maintained in the short-circuited state, except for brief intervals to record the open-circuit PD. Transepithelial electrical resistance (TER; ⍀ ·cm 2 ) was calculated from the spontaneous PD and short-circuit current (Isc), as previously described (5) . After a 30-min equilibration period on Ussing chambers, TER was recorded at 15-min intervals over a 1-h period and then averaged to derive the basal TER values for a given animal. For experiments assessing the role of Cl Ϫ transport in alterations in jejunal Isc, mucosal and serosal normal Ringer bathing solutions were replaced with a Cl Ϫ -free Ringer solution after a 30-min equilibration period. In additional experiments, BaCl2 (5 mM) was added to the mucosal bathing solutions to assess the role of apical K ϩ channels in the Isc response.
Mucosal MC counts. Frozen sections of jejunum (5 m thick) were prepared and then fixed for 1 h in Carnoy's fixative (60% ethanol-30% chloroform-10% glacial acetic acid). Sections were then stained for 45 min at room temperature with 0.5% toluidine blue in 0.5 N HCl in PBS. Sections were then viewed at ϫ20 objective, and MCs were counted using a grid ϭ 0.043 mm 2 . MC counts were conducted on five different fields per slide and 6 slides per treatment group (cell counts were expressed as number of MCs/mm 2 ). All cell counts were performed by a blinded reviewer.
Western blotting. Jejunal mucosal scrapings from pigs were snap frozen and stored at Ϫ70°C before SDS-PAGE analysis. Tissue aliquots were thawed at 4°C and added to 3-ml chilled lysis buffer, including protease inhibitors at 4°C, as previously described (48) . This mixture was homogenized on ice and then centrifuged at 4°C, and the supernatant was saved. Protein analysis of extract aliquots was performed (DC protein assay; Bio-Rad, Hercules, CA). Tissue extracts (amounts equalized by protein concentration) were mixed with an equal volume of 2ϫ SDS-PAGE sample buffer and boiled for 4 min. Lysates were loaded on a 10% SDS-polyacrylamide gel, and electrophoresis was carried out according to standard protocols. Proteins were transferred to a nitrocellulose membrane (Hybond ECL; Amersham Life Science, Birmingham, UK) by using an electroblotting minitransfer apparatus. Membranes were blocked at room temperature for 60 min in Tris-buffered saline plus 0.05% Tween 20 and 5% dry powdered milk. Membranes were washed and incubated with primary antibody (goat CRF-r1, CRF-r2) and glucocorticoid receptor (GR) polyclonal antibodies (Santa Cruz, Santa Cruz, CA) or mouse MC tryptase monoclonal antibody (Chemicon International, Temecula, CA). A ␤-actin antibody (Abcam, Cambridge, MA) was used as a control for protein loading. After additional washing was performed, membranes were incubated with horseradish peroxidaseconjugated secondary antibody and developed for visualization of protein by the addition of enhanced chemiluminescence reagent (Amersham, Piscataway, NJ) as previously described (48) . After primary immunoblot analysis, membranes were stripped and reprobed with a ␤-actin antibody (Abcam) to ensure equal protein loading within lanes. Quantitative results were obtained by scanning the resulting images and analyzing them densitometrically using SigmaScan Pro 5 software (Point Richmond, CA).
CRF and cortisol ELISA. Blood samples were obtained from pigs via venipuncture before euthanasia. Pigs were sedated before blood collection to minimize the stress of sampling procedures. All samples were taken at the same time of day to minimize the effects of diurnal rhythms. Serum was separated by centrifugation (20 min, 10,000 g), and the serum was stored at Ϫ80°C until analysis. Serum levels of CRF and cortisol were determined using commercial ELISA kits (CRF from Phoenix Pharmaceuticals, Belmont, CA; cortisol from R&D Systems, Minneapolis, MN). For CRF ELISA analyses on intestinal mucosa, intestinal samples were prepared according to manufacturer's instructions.
Histopathology. Jejunal tissues were harvested from pigs and fixed in 10% neutral buffered formalin until processing. Paraffin-embedded intestinal samples were sectioned (5 m) and stained with hematoxylin and eosin for histological analysis. Measurements for crypt depth, villous height, and villous width were taken by utilizing the measurement caliper option in the Infinity Analyze Software (Lumenera, Ottawa, Ontario, Canada). Lamina propria cell counts were performed at ϫ20 using a 0.043-mm 2 grid (lamina propria cell counts were expressed as number of lamina propria cells/mm 2 ). Statistical analyses. Data are reported as means Ϯ SE based on the experimental number (n). Data were analyzed by using a standard one-way ANOVA (Sigmastat, Jandel Scientific, San Rafael, CA). A post hoc Tukey test was used to determine differences between treatments following ANOVA. For time course experiments on Ussing chambers, repeated-measures ANOVA was employed.
RESULTS

Influence of weaning age on postweaning intestinal barrier function.
In previous studies (48, 49) , we demonstrated that early weaning occurring at 18 days of age in the piglet induces acute disturbances in intestinal barrier measured 24 h after weaning. Delaying weaning to 28 days of age was protective against weaning-induced alteration in barrier function (48, 49) . In the present study, we examined whether incremental alterations in weaning age could alter long-term intestinal barrier function in pigs. To determine this, piglets were weaned at 15, Fig. 2) .
Influence of weaning age on jejunal I sc . Weaning age influenced long-term net electrogenic ion transport in terms of I sc across the porcine jejunum. Pigs weaned at 15 days of age displayed the highest (P Ͻ 0.05) baseline I sc compared with all other weaning age groups (Fig. 3) . As weaning age increased from 15 to 28 days of age, the baseline jejunal I sc values became negative, with pigs weaned at 28 days of age exhibiting the largest negative I sc values. To determine the nature of elevated baseline I sc observed in jejunum from early-weaned piglets, we conducted studies with Cl Ϫ -free Ringer. Replacement of Cl Ϫ -free Ringer caused reductions in I sc in jejunum from early-weaned piglets (P Ͻ 0.01), indicating that Cl Ϫ secretion is contributing to heightened baseline secretory activity (Fig. 4A ). Studies were also conducted in jejunum from late-weaned pigs (at 28 days) to investigate the nature of the large, negative baseline I sc that we observed. Given that negative I sc is likely a result of cation secretion rather that electrogenic anion absorption in the jejunum (26), we focused our studies on luminal K ϩ secretion, which has been demonstrated to occur in the rat jejunum (18) . Mucosal application of the K ϩ channel blocker BaCl 2 (5 mM) led to a positive deflection in jejunal I sc (Fig. 4B) , thus indicating that K ϩ secretion is mediating a significant portion of the negative I sc observed in jejunum from late-weaned pigs.
Histological analyses of jejunal mucosa. We conducted morphological analyses (villus height and width and crypt depth) of jejunal tissues to determine whether changes in intestinal mucosal physiology were attributable to physical changes in the intestinal mucosa. Weaning age had no influence on long-term morphological measurements of the jejunal mucosa, suggesting that changes observed with regard to intestinal permeability and I sc were functional rather than physical changes in mucosal architecture (data not shown). Although there were no morphological changes, there were marked differences in the numbers of cellular infiltrates within the lamina propria between weaning age groups. Jejunum from pigs weaned at 15 days of age had the greatest density of A: jejunum from 35-day-old pigs that were early weaned (at 15 days of age) was mounted on Ussing chambers. After a 30-min equilibration period, normal Ringer solution was replaced with Cl Ϫ -free Ringer solution, and resultant changes in Isc were monitored. Data represent averages from 5 pigs and were analyzed using repeated-measures ANOVA. Treatments differed by P Ͻ 0.05; pooled SE value ϭ 4.3. B: jejunum from late-weaned pigs (at 28 days of age) was treated with the K ϩ channel blocker BaCl2 on the mucosal surface, after which changes in Isc were monitored. Data represent averages from 5 pigs and were analyzed using repeated-measures ANOVA. BaCl2 treatment induced a positive deflection in Isc (P Ͻ 0.05). lamina propria cell infiltrates (Fig. 5 ) compared with samples from other weaning ages, suggesting increased mucosal inflammation and antigen stimulation, presumably due to impaired mucosal barrier function. The cellular infiltrates were predominantly lymphocytes and macrophages with occasional neutrophils. As weaning age increased, lamina propria cell density was reduced.
Influence of weaning age on intestinal mucosal MC activity. In our previous study (49), we showed that early weaning at 18 days of age in the piglet resulted in intestinal MC hyperplasia and activation. Furthermore, inhibition of MC activation by administration of cromolyn before early weaning prevented intestinal barrier dysfunction, demonstrating the central role of MCs in weaning-induced intestinal mucosal dysfunction. In the present study, we assessed whether weaning age influenced long-term mucosal MC activity by conducting studies in 35-day-old pigs. Jejunal mucosa from early-weaned piglets had greater numbers of mucosal MCs present within the lamina propria than the later-weaned pigs (P Ͻ 0.01; Fig. 6 ). Jejunum from early-weaned pigs also exhibited greater numbers of MCs that were actively releasing their intracellular contents than shown in late-weaned pigs (Fig. 6C) , indicative of ongoing MC activation. Intestinal mucosal protein levels of the most abundant MC mediator, MC tryptase, was greatest in jejunal mucosa of pigs weaned at 15 days of age and levels decreased as weaning age increased (Fig. 7) . The role of MC function in early weaning-induced jejunal barrier dysfunction was confirmed in in vivo experiments, as administration of cromolyn to early-weaned pigs ameliorated mucosal barrier dysfunction and hypersecretion (Fig. 8) .
Effect of weaning age on stress signaling pathways. To determine whether weaning age influenced baseline activity of the hypothalamic-pituitary-adrenal (HPA) axis, we measured serum CRF and cortisol in early-weaned and late-weaned 35-day-old pigs. Serum CRF and cortisol levels were greater in early-weaned pigs than in late-weaned pigs (P Ͻ 0.05), indicating alterations in HPA axis activity (Fig. 9) . Given that CRF can be produced locally in the gut (50) and independent of the HPA axis, we analyzed jejunal mucosa for CRF protein. CRF levels were lower in jejunum from late-weaned pigs than in jejunum from early-weaned pigs, indicating enhanced production of local CRF in intestinal tissues of early-weaned pigs (Fig. 9C) . To investigate the function of local CRF on disturbances in intestinal mucosal function, we treated porcine jejunum mounted on Ussing chambers with CRF (1 M) and measured changes in TER, [ (Fig. 10) . However, no alterations were noted with TER (data not shown). Activation of MCs with c48/80 (5 g/ml) elicited similar responses to CRF. To assess whether CRF-induced changes in mucosal function were due to MC activation, we pretreated jejunal tissues with the MC stabilizer agent cro- molyn. This approach inhibited CRF-induced elevations in I sc and [
3 H]mannitol flux. Furthermore, CRF-induced changes were also blocked with protease inhibitor treatments. Functional alterations in MC activation by CRF were confirmed with MC histochemistry, demonstrating enhanced MC activation and granule release in CRF-treated tissues (data not shown). Overall, these data demonstrate that early weaning enhances production of CRF in the jejunum, which contributes to mucosal dysfunction via MC protease-dependent mechanisms.
CRF receptor signaling in early weaning-induced mucosal barrier dysfunction. CRF mediates its effects through binding to G-protein-coupled CRF receptors that are expressed on multiple intestinal cell types, including enteric neurons, lamina propria immune cells, and epithelial cells (36, 50, 64) . In our previous study (48) , we demonstrated that peripheral CRF receptor activation mediates intestinal mucosal disturbances induced by early weaning. In the present study, we aimed to determine whether CRF receptor activation was mediating sustained mucosal barrier impairment in porcine jejunum and to investigate which CRF receptor subtype was involved. We first investigated expression of CRF receptor subtypes (CRFr1 and CRFr2) in jejunum from early-and late-weaned pigs (Fig. 11) . Jejunal CRFr1 protein expression was not influenced by weaning age; however, CRFr2 expression was greater (P Ͻ 0.001) in jejunum from late-weaned pigs. We also investigated the expression of the glucocorticoid receptor and found that GR expression was greater in jejunal mucosa from earlyweaned pig than in jejunum from late-weaned pig. To elucidate the role of CRF receptor subtypes in early weaning-induced mucosal dysfunction, we administered selective CRFr antagonist compounds [astressin B (inhibits both CRFr1 and CRFr2) and astressin 2B (selectively inhibits CRFr2)] to 35-day-old pigs that were previously weaned at 15 days of age. Pharmacological blockade of both CRFr1 and CRFr2 ameliorated disturbances in barrier function (increased jejunal TER and reduced [ 3 H]mannitol flux and I sc ) (Fig. 12) . However, selective inhibition of CRFr2 with astressin 2B enhanced mucosal barrier dysfunction (reduced TER and elevated [ 3 H]mannitol flux and I sc ). Overall, these data suggest that, in jejunum from the early-weaned pig, CRFr1 is mediating barrier disruption and hypersecretion, whereas CRFr2 acts in an opposing manner.
DISCUSSION
The intestinal epithelial barrier is the first line of defense against a hostile environment within the intestinal lumen. Disruption in the intestinal barrier leads to translocation of luminal antigens across the epithelium and into lamina propria tissues, triggering mucosal inflammation and sepsis (3, 6, 15, 21, 23, 35, 45) . Here, we show in a porcine model that early weaning can markedly impair the postweaning development of mucosal barrier function, an effect mediated by activation of CRF signaling pathways and chronic activation of intestinal MCs.
The stress response involves coordinated regulation of central and peripheral signaling pathways that are critical to maintain homeostasis and survival. However, excessive or chronic stress can overwhelm the ability of the individual to mount an adequate stress response, leading to disturbances in homeostasis and subsequently disease. In the present study, we demonstrate that early weaning stress in pigs induces chronic activation of the HPA stress axis, as indicated by higher serum levels of CRF and adrenal cortisol measured 20 days postweaning. This response is similar to that shown in rodent models of neonatal maternal separation, in which chronic elevations in serum corticosterone levels were triggered (2, 27 ). The precise mechanisms for sustained elevations of serum CRF and cortisol in early-weaned pigs are presently unclear. It is well known that adrenal corticosteroid secretion is regulated by negative feedback systems where circulating cortisol binds to glucocorticoid receptors in the hippocampus and downregulates CRF, ACTH, and adrenal corticosteroid release. However, this negative feedback system has been shown to be impaired in adult animals that were previously subjected to maternal separation stress in the neonatal period (63) , which may explain our findings in the early-weaned pig. It remains unclear as to the exact role of HPA activation in intestinal barrier dysfunction observed in the present study. Intestinal permeability and hypersecretion induced by restraint stress in rats were shown to be independent of the HPA axis activation (55) . However, other studies have shown that adrenal corticosteroids released in response to stress can cause disruption in intestinal barrier function, suggesting that HPA axis-derived glucocorticoids may be involved (46) . In the present study, we observed increased expression of GC receptors in the jejunum of earlyweaned pigs; however, the exact role of this signaling pathway in this model remains to be elucidated.
The present study demonstrated that intestinal MCs play a central role in early weaning-induced mucosal barrier dysfunction in the porcine jejunum. MCs play an important role in the innate responses to epithelial disturbances by releasing mediators that cause increases in intestinal secretion and motility to flush out invading pathogens and recruit inflammatory cells to the area to control the infection at the site of the breached epithelial barrier (47, 53) . However, excessive or chronic MC activation is detrimental and is implicated in several prevalent human GI disorders, including food allergies, C. difficile enteritis, IBS, and inflammatory bowel diseases (7, 20) . MCs express receptors for CRF and therefore have been shown to be activated by CRF and psychological and physical stressors (55, 57) . In the present study, we showed that CRF is upregulated in the jejunum from pigs that were previously subjected to early weaning. Furthermore, CRF applied to isolated mucosa on Ussing chambers mimicked early weaning-induced mucosal barrier dysfunction and hypersecretion via MC-dependent pathways. This in line with rodent studies reporting that CRFinduced intestinal permeability can be prevented by MC stabilizer agents and MC-deficient rats do not exhibit stressinduced intestinal barrier dysfunction (55, 62) . Although the CRF-MC association clearly exists, the signaling between CRF and MCs has not been studied in detail. MCs express CRF receptors, indicating the possibility for direct activation of Fig. 9 . Effect of weaning age on hypothalamicpituitary-adrenal axis activity. Serum samples from 35-day-old pigs that were weaned at 15, 18, and 23 days of age were analyzed for corticotrophin-releasing factor (CRF) and cortisol levels. Early-weaned pigs (at 15 and 18 days) exhibited higher baseline serum CRF (A) and cortisol (B) than late-weaned pigs. Jejunal CRF was measured using ELISA methods (C), which demonstrated that earlyweaned pigs (at 15 and 18 days) exhibited higher CRF levels than late-weaned pigs. Values are means (n ϭ 6 animals/treatment) Ϯ SE.
a P Ͻ 0.05 (ANOVA).
MCs by CRF (16) . Our group has previously shown that CRF receptors are colocalized with mucosal MCs in the porcine intestine (49) , and in the present study we show that CRF activates intestinal mucosal MCs initiating breakdown in barrier function. Similar findings have been observed in colonic biopsies from humans (65) . Overall, data from this study demonstrate that early weaning stress in pigs triggers sustained elevations in mucosal CRF that are capable of inducing MC activation and mucosal barrier dysfunction. The exact source of CRF remains to be fully elucidated, although CRF was shown to be expressed in multiple cell types within the intestine, including enteric neurons, epithelial cells, and immune cells (50) . The mechanism by which MCs trigger chronic barrier dysfunction in response to early weaning is still unclear. Here, we show that MC tryptase was increased in jejunum from earlyweaned pigs and that CRF-induced intestinal barrier dysfunction in porcine jejunum ex vivo was MC protease dependent. In agreement with these findings, MC tryptase was shown to induce increased epithelial permeability in the T84 colonic epithelial cell line, mediated by activation of protease-activated receptor 2 on colonic epithelial cells, triggering tight junction protein breakdown and increased T84 cell paracellular permeability (32) . Tryptase has also been shown to have a protective role in the intestine, especially in bacterial and parasitic infections (17) . Tryptase can upregulate adhesion molecules, increase vascular permeability, recruit eosinophils, and increase epithelial and fibroblast proliferation (66) . It should also be noted that other MC mediators such TNF-␣ initiate changes in epithelial permeability (37) . In fact, studies have shown TNF-␣ to trigger disruption of tight junction proteins in a model of restraint stress (43) . Our findings suggest a key role of MC proteases in intestinal barrier dysfunction triggered by CRF. However, the contributing roles of other MC mediators released in response to stress require further investigation.
In the present study, we showed differential roles of CRF receptor subtypes in intestinal function as a result of early life stress in the pig. Based on CRF receptor antagonist experiments, we show that CRFr1 is likely mediating impaired barrier dysfunction and hypersecretion in early-weaned pigs, whereas CRFr2 may play a protective role as inhibition of CRFr2 enhanced mucosal barrier dysfunction and hypersecretion. Furthermore, enhanced barrier function in late-weaned pigs coincided with enhanced intestinal expression of CRFr2. In contrast to our findings, CRFr2 or combinations of CRFr1 and CRFr2 activation were shown to be responsible for intestinal barrier dysfunction in response to stress in rodents (62) . Recently, Wallon et al. (65) showed that CRF induced hyper- Fig. 11 . CRF receptor subtype and glucocorticoid receptor (GR) expression in jejunum from early-and late-weaned pigs. A: Western analysis of CRFr1 (50 -55 kDa), CRFr2 (50 -55 kDa), and GR (95 kDa) in porcine jejuna mucosa. B: densitometric analysis revealed enhanced expression of CRFr2 in jejunum from late-weaned pigs, whereas GR expression was elevated but decreased as weaning age increased. Values, expressed relative to ␤-actin control (n ϭ 6 animals/treatment), are means Ϯ SE. permeability in human colonic biopsies that were inhibited with both CRFr1-and CRFr2-selective antagonists.
Weaning age had a pronounced effect on postweaning development of electrogenic ion transport in the jejunum. Jejunum from early-weaned pigs exhibited a net positive I sc contributed by electrogenic Cl Ϫ secretion. As weaning age increased, there was a decline in baseline I sc , which was shown to be attributed to apical K ϩ secretion. In the present study, we confirmed that enhanced I sc in jejunum from early-weaned pig was due to MC activation and CRFr1 activation. Furthermore, in ex vivo experiments, we showed that CRF-induced I sc was attenuated with MC protease inhibitors, indicating a prominent role of proteases in mucosal secretion. The exact protease regulating mucosal secretion is presently unclear. Several studies have indicated that tryptase can induce electrogenic ion transport in colon and airway epithelium via activation of protease-activated 2 receptors (33, 34, 39) . Other factors such as enhanced intestinal inflammation due to impaired mucosal barrier function and activation of neurogenic secretory pathways are also likely contributing or enhancing intestinal secretory tone in the jejunum from earlyweaned pig. As mentioned above, electrogenic K ϩ secretion, through barium-sensitive channels, contributes to the negative jejunal I sc observed in late-weaned pigs. The significance of this phenomenon is presently unclear. Luminal K ϩ secretion is a homeostatic mechanism to rid the body of excess K ϩ . Luminal K ϩ secretion is also involved in other homeostatic processes, including regulatory cell volume decrease, Na ϩ transport, wound healing, and apoptosis (29, 31) . Therefore, the enhanced K ϩ may represent the enhanced control of homeostatic mechanisms in the jejunum for older weaned pigs. It should be noted that, in the present study, we observed differences in baseline I sc and permeability across the different experiments. For example, in our initial experiments, baseline I sc measurements ranged from largely negative values in lateweaned pigs, which we determined to be due to electrogenic K ϩ secretion. However, in some experiments, baseline I sc values were positive (Fig. 12) . Differences in baseline permeability measurements also differed across experiments. The discrepancies in these data could result from several different experimental factors. First, in the CRFr antagonist experiments (Fig. 12 ), pigs were handled more frequently to administer intraperitoneal injections, which could have increased colonic I sc with the additional and likely stressful procedures. Other factors that could have contributed to the data variation in the present study include inherent differences between different litters, environmental temperature changes, as studies were conducted in different seasons, and management of animals within the swine barn. Nonetheless, within each experiment, treatment results were consistent with regard to early vs. late weaning, with early-weaned pigs exhibiting high baseline I sc compared with late-weaned pigs.
In previous experiments (49), we showed that early weaning stress triggers MC activation responsible for mucosal barrier disturbances. In the present study, we observed increased MC numbers and activation in jejunal mucosa from early-weaned pigs at 20 days postweaning, suggesting chronic MC activation in these tissues. The signaling events leading to MC hyperplasia are not fully understood. In infection models, MC recruitment was shown to be T-cell dependant as T-cell-deficient mice or athymic nude mice do not exhibit MC hyperplasia in Nippostrogylus brasiliensis (41, 42) or Trichinella spiralis infections (54) . Antibodies to IL-3 and IL-4 also suppressed intestinal mastocytosis in parasite-infected mice, demonstrating a role of these cytokine in MC recruitment (38) . Stress has also been shown to increase MCs numbers in the intestinal mucosa (9, 11, 56) . Patients with stress-related GI disorders such as IBS often exhibit MC hyperplasia and increased MC activation that correlate with symptom severity (7, 8, 24) . The mechanism of MC hyperplasia in these disorders is not well understood but may be related to CRF levels. Teitelbaum et al. (62) showed that administration of CRF to rats induced colonic MC hyperplasia, indicating that CRF may be involved in regulating MC numbers to intestinal tissues.
Early life stress is increasingly recognized as an important risk factor in the development and onset of chronic intestinal disease (13, 67) . Here, we show that early weaning in the pig triggers long-term defects in intestinal barrier function and electrogenic ion transport mediated through CRFr-MC interactions. In addition, we have identified divergent roles for CRFr subtypes in the postweaning development of mucosal barrier function in pigs subjected to early weaning stress. 
